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We have measured the enhancement of the static incommensurate spin-density wave (SDW) order
by an applied magnetic field in stage-4 and stage-6 samples of superconducting La2CuO4+y. We
show that the stage-6 La2CuO4+y (Tc=32 K) forms static long-range SDW order with the same wave-
vector as that in the previously studied stage-4 material. We have measured the field dependence
of the SDW magnetic Bragg peaks in both stage-4 and stage-6 materials at fields up to 14.5 T. A
recent model of competing SDW order and superconductivity describes these data well.
PACS numbers: 74.72.Dn, 75.25.+z, 75.30.Fv, 75.50.Ee
High-transition-temperature superconductors made by
doping La2CuO4 have a very rich magnetic phase di-
agram as a function of dopant concentration and the
nature of the dopants. In particular, neutron scatter-
ing experiments first demonstrated incommensurate dy-
namic spin correlations in La2−xSrxCuO4 for a wide
range of x.1,2 Later, static incommensurate spin-density
wave (SDW) order was discovered in superconducting
(La2−y−xNdy)SrxCuO4, La2−xSrxCuO4 at x ≈ 1/8, and
La2CuO4+y,
3,4,5 as well as in insulating La2−xSrxCuO4,
0.02 ≤ x ≤ 0.05.6 These observations stimulated many
experimental and theoretical studies of the nature of
the magnetic correlations and the static SDW order and
their interaction with superconductivity (SC) in doped
La2CuO4 and other cuprate superconductors.
In our recent neutron scattering experiments on excess-
oxygen-doped La2CuO4+y we have shown that an applied
magnetic field serves as a weak perturbation helping to
probe the nature of this interaction.7 The results of Ref.
7, combined with similar results on La2−xSrxCuO4 for
x = 0.12,8 0.169 and 0.10,10 together with recent the-
oretical studies,11,12,13 have led to a consistent picture
of microscopic coexistence and competition between SC
and SDW orders. Experimentally, the SDW signal in-
creases when the field is applied below the supercon-
ducting Tc. This occurs because the SC order parameter
is suppressed in the presence of a magnetic field, and
as a result, the competing SDW order is enhanced.11,14
Additional evidence that it is the microscopic interac-
tion between SC and SDW order that drives the en-
hancement of the SDW peak intensity comes from re-
cent experiments on lightly-doped non-superconducting
La2−xSrxCuO4. There, an applied field actually sup-
presses the static incommensurate SDW order, in con-
trast to the behavior observed in the SC samples.15
Although there is good qualitative agreement between
our previous experimental results7 and theory,11 a quan-
titative comparison has been difficult to make. This is
primarily because the previous measurements have been
limited to fields below 9 T and by the availability of sam-
ples of only one doping.
Therefore, we have expanded our magnetic field studies
of superconducting La2CuO4+y in two directions. First,
we have applied higher magnetic fields in order to test the
predicted field dependence of the SDW peak intensity.
Second, we have measured the effect of an applied field on
two samples of different doping, a predominantly stage-6
sample (Sample 1) with Tc = 32 K and a stage-4 sample
(Sample 2) with Tc = 42 K. Magnetic properties of this
crystal have been reported in Ref. 7, where it is also
called Sample 2. We find that the stage-6 sample exhibits
static SDW order similar to that of the stage-4 sample.
We also find that the field dependence of the SDW Bragg
peak intensity, predicted by Demler et al.,11 describes
our results for both samples quite well. This is especially
clear for the stage-4 sample.
There is a significant difference, however, in the rel-
ative increase of the magnetic signal with field for the
two samples. We interpret the difference as arising from
different volume fractions that are ordered magnetically.
Based on µSR measurements,16,17 it has been argued that
the SDW and SC order parameters are not microscopi-
cally homogeneous throughout the sample, but that small
regions of fully developed static magnetic moment per-
colate, leading to long-range magnetic order. It is thus
hypothesized that the enhancement of the static mag-
netism in an applied field comes primarily from regions
where the SDW order is weak. Therefore, any change in
the SDW signal must depend of the volume fraction of
the magnetically ordered phase at zero field.7,16,17
Single crystals of La2CuO4 have been grown by the
travelling solvent floating zone technique and subse-
quently oxidized in an electrochemical cell, as described
previously.5 Sample 2 is prepared by oxidation at room
temperature, while Sample 1 is oxidized at 50 ◦C. SQUID
magnetization measurements have been made on a small
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FIG. 1: Temperature dependence of the magnetization of a
small piece of Sample 1. (a) Magnetization showing the onset
of superconductivity, H = 20 G. (b) Susceptibility showing
the absence of the weak ferromagnetism, H = 5 T. Similar
measurements for Sample 2 may be found in Ref. 7
piece of each of the two samples used for the neutron
measurements. For Sample 2 (stage-4) the magnetiza-
tion studies evince a sharp single transition to the SC
state at Tc = 42 K (onset). For Sample 1 (stage-6), a
slightly rounded transition at 32 K (decrease by 10%) is
found. The magnetization of Sample 1 is shown in the
Fig. 1a. Magnetization studies also reveal the absence
of weak ferromagnetism, indicating little if any remnant
undoped La2CuO4. This is shown in Fig. 1b for Sample
1; similar data for Sample 2 have been published earlier.7
Neutron scattering measurements were made on the
two crystals, Sample 1 of 2.9 grams and Sample 2 of 2.6
grams in mass. Our previously reported measurements of
staging behavior, SDW order,5 and the effect of magnetic
field7 were made using Sample 2 in magnetic fields up to
7 T. Elastic neutron scattering studies were performed at
the NIST Center for Neutron Research in Gaithersburg,
MD and at the Hahn-Meitner Institute (HMI), Berlin,
Germany. We used the BT7 thermal triple-axis spec-
trometer at NIST, with an incident neutron energy of
13.4 meV, to measure the stage-order of interstitial oxy-
gen in the Sample 1. High magnetic field measurements
were done on the FLEX cold-neutron triple-axis spec-
trometer at HMI with an incident neutron energy of 5
meV. A pyrolytic graphite (PG) monochromator and a
PG analyzer were used, as well as a PG (for 13.4 meV
neutrons) or cold Be (for 5 meV neutrons) filter to remove
higher energy contamination from the incident neutron
beam. The magnetic field was applied using a 14.5 T
split-coil superconducting magnet.
The crystal structure of La2CuO4 is orthorhombic,
space group Bmab. The orthorhombicity results from
a slight tilt of the CuO6 octahedra. We therefore use the
orthorhombic unit cell notation with the a- and b-axes
along the diagonals of the CuO2 squares and the c-axis
perpendicular to the layers. In reciprocal space the H,
K and L axes are parallel to the a,b, and c-axes, respec-
tively. Excess oxygen in La2CuO4+y is intercalated be-
tween the CuO2 planes, resulting in a mass-density-wave
modulation of the intercalated oxygen density along the
c-axis. The tilt angle of the CuO6 octahedra changes
sign across the planes of maximum oxygen density, so
the tilt reversal occurs every nth CuO2 layer. The sam-
ple with tilt reversal every nth layer is called stage-n.5,18
The tilt reversals of the CuO6 octahedra result in struc-
tural Bragg peaks displaced along the L axis in recipro-
cal space by 1/n from the superlattice Bragg peak. Be-
cause of the staging order, the oxygen doping can not
be changed continuously, and there are miscibility gaps
between the lightly doped antiferromagnet, stage-6, and
stage-4 phases.18 Samples often consist of a mixture of
two or more staged phases.
Fig. 2 shows elastic neutron scattering data from the
Sample 1, scanned around the (0,1,4) position in recip-
rocal space. The pair of stage-6 peaks (0,1,4 ± 1/6) is
the strongest, but the stage-4 peaks at (0,1,4 ± 1/4)
are also present and correspond to 20% of the total in-
tensity of the staging peaks. The (0,1,4) central peak
arises from lightly doped La2CuO4 inclusions. In lightly
doped samples, this structural Bragg peak arises from
three-dimensional ordering of the CuO6 octahedra tilts.
The intensity of this peak is several orders of magnitude
smaller than that for an undoped La2CuO4 sample of
similar size, implying that the undoped fraction is very
small. The peaks are fitted by one-dimensional Loren-
zians convoluted with the instrumental resolution. The
staging peaks are almost resolution-limited, correspond-
ing to a correlation length exceeding 800 A˚. We therefore
conclude that this sample consists of a mixture of stage-
4 and stage-6 phases, with the stage-6 phase dominant.
This is in agreement with the results of magnetic sus-
ceptibility measurements, which indicate a lower Tc = 32
K, than a pure stage-4 sample, as noted above. Sample
2, which has been used in our previous studies, consists
predominately of the stage-4 phase.5,7
Static long-range incommensurate SDW order has
been found in the stage-4 sample below Tm = 42 K by
neutron scattering.5 In previous work we have shown that
a magnetic field, applied perpendicular to the CuO2 lay-
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FIG. 2: Elastic scan across the staging superlattice position
(0, 1, 4) at low temperatures for the stage-6 Sample 1. T
= 10 K, Ei = 13.41 meV, collimation 30’-30’-S-30’-open, 3-
axis mode (S denotes the sample). The fit is the result of
the convolution of a one-dimensional Lorentzian with the in-
strumental resolution. The two pairs of peaks displaced sym-
metrically around the (014) position result from the staging
order. The peak at (014) is the Bmab peak from undoped
La2CuO4 inclusions.
ers, increases the intensity of the incommensurate mag-
netic Bragg peaks approximately linearly with field for
fields up to at least 7 T. Here we find that similar be-
havior occurs for the stage-6 sample. Fig. 3 shows the
magnetic Bragg peak resulting from the incommensurate
SDW order at H = 0 and 14.5 T, in Sample 1. We have
checked that the peak positions at (1±0.114, 0±0.128, 0)
are identical for both Sample 1 and Sample 2 ((1, 0, 0)
is the position of the antiferromagnetic zone center for
undoped La2CuO4). Fig. 3 clearly shows that only the
intensity of the SDW peak increases with field, whereas
the width and the position of the peak remain the same.
The peak widths are limited by our instrument resolu-
tion, which indicates long-range magnetic order with the
correlation length in excess of 400 A˚.
Fig. 4 shows the field dependence of the magnetic
Bragg peak intensity for Sample 2 (a) and Sample 1 (b).
The intensity is normalized to the zero-field value. Fig.
4(a) shows data taken both at NIST (below 7 T) and
at HMI (0 T to 14.5 T). The points at 0, 3, 5 and 7
T have been measured on both spectrometers. The in-
tensity I(H) is obtained by averaging counts from both
longitudinal and transverse scans close to the peak po-
sition. The field-independent background has been mea-
sured and subtracted.
One of the most intriguing properties of stage-4
oxygen-doped La2CuO4+y, reported in Ref. 5, is that
the onset of the SDW Bragg peak coincides with the su-
perconducting Tc = 42 K. Therefore, we have measured
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FIG. 3: Elastic scans through the incommensurate SDW
Bragg peak at Q = (0.886, 0.129, 0) at zero applied field
(squares) and H = 14.5 T (circles) for the stage-6 Sample
1. The sample is oriented such that the neutron wave vector
transfer Q is parallel to the CuO2 planes ((H, K, 0) in recip-
rocal space). The applied field is perpendicular to the CuO2
planes. Measurements are made at T = 3 K and the back-
ground (triangles) is measured at T = 45 K. The collimation
is 60’-S-60’-open, Ei = 5 meV. The inset shows schematically
the positions of 4 incommensurate SDW peaks in reciprocal
space together with the scan directions. The line-profile is
Gaussian; the HWHM is resolution-limited.
the temperature dependence of the SDW Bragg peak for
Sample 1, as shown in Fig. 5. Clearly, the SDW signal
appears first at Tm = (40 ± 2) K, well above Tc = 32 K
(see Fig. 1a). However, since Sample 2 contains about
20% of the stage-4 phase, this onset of the magnetic or-
der at 40±2 K may arise from the ordering of the stage-4
part alone. A closer look at the magnetization curve in
Fig. 1a reveals a small drop of the magnetization at 42
K. We ascribe this to the superconducting transition of
the stage-4 phase. To test whether Tc and Tm are the
same for stage-6 alone, one would need a homogeneous
stage-6 sample.
We now discuss these experimental results. Although
Sample 1 consists of a mixture of stage-6 and stage-4
phases, the two phases must have identical SDW ordering
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FIG. 4: Field dependence of the SDW Bragg peak intensity
I(H), normalized to the zero-field intensity, I(0). (a) Sample 2,
stage-4. The diamonds correspond to data taken at NIST and
reported previously.7 The squares represent the data taken
at HMI. (b) Sample 1, stage-6, measured at HMI. The solid
lines correspond to the function (H/Hc2) ln(θHc2/H) and the
dashed line corresponds to a linear function H/Hc2, as dis-
cussed in the text. The larger error bars and smaller number
of points for the HMI experiment result from limited access
to the instruments.
at low temperatures for the following reasons: Samples 1
and 2 are of similar size, and their incommensurate SDW
peaks have intensities of (40±2) and (30±2) counts/min,
respectively, at zero field. However, only 20% of Sample
1 is in the stage-4 phase. Were only the stage-4 phase
magnetically ordered, the SDW peak intensity from Sam-
ple 1 would be smaller than that from Sample 2, even if
100% of the stage-4 phase were magnetically ordered. It
is also important to note that the incommensurability
must be identical for stage-4 and stage-6. This is evident
from the sharp, resolution-limited SDW peaks. Were
the peaks for stage-4 and stage-6 shifted relative to each
other, a wide SDW peak would result. Finally, a pure
stage-6 sample has been measured recently,19 and this
sample shows sharp SDW peaks at the same positions.
Unfortunately, this pure stage-6 crystal is too small for
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FIG. 5: Temperature dependence of the SDW Bragg peak
intensity, Sample 1, stage-6. H = 0 T (squares) and 14.5 T
(circles). The triangles correspond to the background deter-
mined by fitting SDW data, like these in Fig. 3, to a Gaus-
sian peak plus a Q-independent background. At T = 2 K,
the background comes from a scan at H = 0 T and at the
higher temperatures from scans at H = 14.5 T. The dashed
line is a linear fit to the background points; the background
is temperature- and field-independent.
quantitative field-dependence measurements. The single
value of the incommensurability δ observed in the stage-4
and stage-6 samples may result from the saturation of δ
with hole concentration. For the inelastic scattering in
Sr-doped La2−xSrxCuO4, δ is equal to x for small x, but
saturates above x ≃ 0.12.2 The similar saturation of δ
is seen for the SDW in Nd codoped samples.3 As shown
in Ref. 7, the doping of Sample 2 corresponds to a hole
concentration of 0.14 per Cu, above the concentration
necessary for saturation. Stage-6 samples probably also
have hole concentration high enough for saturation. The
incommensurability is close to the saturation value in
the other La2CuO4-based materials. Although the satu-
ration can thus explain quite similar values of δ in stage-
4 and stage-6 samples, it is nonetheless surprising that
they are identical within the experimental error of 0.002
(r.l.u.).
The model of competing order parameters11,13 predicts
the existence of three different phases: a pure SC phase,
a SDW+SC phase, in which SDW order coexists with
and couples to the SC order, and a pure SDW phase.
The transitions between these phases occur by chang-
ing a control parameter, that is related to doping, or
applied magnetic field. At zero magnetic field, stage-4
La2CuO4+y apparently resides in the SDW+SC phase.
By increasing the doping, La2CuO4+y is expected to
move into the pure SC phase. Unfortunately, it does
5not appear to be possible to increase the doping be-
yond the value that gives stage-4 by additional oxidation
of La2CuO4+y. (This can, of course, be accomplished
by changing x in La2−xSrxCuO4
8,9,10). When the dop-
ing decreases, La2CuO4+y is expected to remain in the
SDW+SC phase, and this is confirmed by our observa-
tions.
The enhancement of the SDW order parameter in an
applied field originates from the suppression of supercon-
ductivity near vortices. The superconducting order pa-
rameter |ψ|2 is most strongly suppressed inside the vortex
core, of radius ξ ≃ 30 A˚. But |ψ|2 is also suppressed be-
low its zero-field value even far from the cores, recovering
as (1 − 2ξ2/r2). Here ξ is the superconducting correla-
tion length and r is the distance from the core. Since
the magnetic correlation length exceeds 400 A˚, which is
much larger than ξ, averaging |ψ(r)|2 over the regions
far away from the vortex is required to account for the
resulting change of the SDW order parameter. The SDW
peak intensity is thus predicted to increase with field as
∆I ∼ (H/Hc2) ln(θHc2/H); the logarithmic correction
originates from the 1/r term in the suppression of |ψ|2.
Here Hc2 is the upper critical field of the superconduc-
tor, and θ is a constant of order unity, independent of
doping.11
We have fitted the data in Fig. 4 using this prediction.
The best fit gives Hc2 = 49 T for the stage-6 Sample 1
and 67 T for the stage-4 Sample 2. In both cases θ is set
to 1 for the best fit. We also show the result of a fit to a
simple linear dependence, H/Hc2, for Sample 2 (dashed
line in Fig. 4a), which describes our previous low field
results adequately.7 Clearly, the logarithmic correction to
the linear dependence improves the agreement between
the theoretical prediction and the data. The high field
data points above 7 T are especially important in order to
distinguish between the two possibilities. The “goodness-
of-fit”, χ2, analysis confirms this conclusion: χ2 ≃ 0.002
is significantly smaller for the H lnH fit, than χ2 ≃ 0.006
for the linear fit.
Numerical calculations have resulted in θ ≈ 3 for a
triangular vortex lattice.11 Our experimental results sug-
gest that θ is smaller, probably because the vortex lattice
in La2CuO4+y is highly disordered. Further, by analogy
with recent results on La1.83Sr0.17CuO4, the vortex lat-
tice is, in all likelihood, square rather than triangular.20
The upper critical fields obtained from fitting our data
are in reasonable agreement with the commonly accepted
values for doped La2CuO4-based superconductors. The
applied field of 14.5 T is, therefore, much smaller than
the upper critical field at T = 2 K, the temperature of
the samples during the neutron scattering experiments.
Therefore, the applied magnetic field acts only as a weak
perturbation of the superconducting state. We have pre-
viously reported that the resistive superconducting tran-
sition of the stage-4 sample is shifted significantly to
lower temperature by applied fields up to 5 T.7 Similar
measurements have not been done for the stage-6 sam-
ple, because putting electrical contacts on these heavily
oxidized samples is very difficult. We point out, how-
ever, that resistance does not provide a thermodynamic
measurement of the superconducting phase transition, as
does, for example, the specific heat.
Fig. 4b shows the enhancement of the SDW peak in-
tensity with field for Sample 1. The effect of applied
field is much smaller for this sample, compared with
the stage-4 one. The smaller change of the peak inten-
sity may be explained by a model in which the mag-
netic volume fraction is less than unity, as discussed in
Ref. 7. µSR measurements on a piece of Sample 2 indi-
cate that it consists of small magnetic clusters, in which
the incommensurate order has its full local moment, and
that the rest of the material is non-magnetic.16,17 Fur-
thermore, µSR measurements indicate that the fraction
that is magnetically ordered is F ≃ 0.4. According to
the model, the superconducting order parameter is sup-
pressed in the magnetically-ordered regions even at zero
applied field. Then the enhancement of the magnetic
order in the field originates from predominately non-
magnetic regions, where the superconductivity is strong
at zero field. Therefore, the increase in the SDW peak
intensity ∆I ∼ (1 − F )/F . Comparing the relative in-
crease of intensity with field for Samples 1 and 2, we
conclude that about 60% of Sample 1 is magnetically or-
dered at zero field. µSR measurements on the stage-6
sample would serve to test this conclusion.
In conclusion, we have studied the effects of an applied
magnetic field on the static incommensurate SDW order
in excess-oxygen doped La2CuO4+y. We have shown that
the SDW order exists in both stage-4 and stage-6 mate-
rials. The magnetic ordering wave-vector is exactly the
same for both dopings. By applying a high magnetic field
of up to 14.5 T, we measure the field-induced change in
the SDW Bragg peak intensity. The field-induced en-
hancement of the SDW signal follows the prediction of
the recently proposed model of competing superconduct-
ing and magnetic orders in doped La2CuO4. The H lnH
field dependence of the SDW signal demonstrates the
quantitative agreement between experiment and theory.
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